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More than two decades ago, Peskin [1] and Bhanot and Peskin [2] showed that one
could apply perturbative Quantum Chromodynamics (pQCD) to calculate the interactions
between the bound state of heavy quarks and the light hadrons. Such calculation was feasible
because in the large quark mass limit one could consistently obtain the leading order operator
product expansion (OPE) of the correlation function between two heavy meson currents in
the light hadron state. The justication of such calculation stems from the fact that there
exist two relevant scales in the bound state [3] in the large quark mass limit, namely the
binding energy, which becomes Coulomb-like and scales as mg
4
, and the typical momentum
scale of the bound state, which scales like mg
2
, where m is the heavy quark mass and g
the quark-gluon coupling constant. Hence, taking the separation scale of the OPE to be
the binding energy, it is consistent to take into account the bound state property, which is
generated by the typical momentum scale of the bound state, into the process-dependent
Wilson coeÆcient.
The calculation is challenging in itself, and has attracted recent interests because when
applied to the J= system [4, 5], the strength of the J= -hadron inelastic scattering cross
section (
J=  h
) determines the amount of the J= suppression [6] in heavy ion collisions
due to hadronic nal state interactions [7]. Moreover, other existing model calculations for

J=  h
, based on meson exchange models [8] or quark exchange models [9], give very dierent
energy dependence and magnitude near threshold. Therefore, more careful analyses of each
calculation are necessary, where the limitations and expected corrections would be explicitly
spelled out.
In this paper, we will re-derive the leading order pQCD result using the QCD factorization
theorem. The original result obtained by Peskin and Bhanot was derived within the OPE
[1, 2]. The equivalence between the OPE and the factorization approach is well established
in the deep inelastic scattering and Drell-Yan processes [10]. As will be shown here, the
equivalence between the two approaches are also true for bound state scattering to leading
order in QCD. Similar approach has been used by one of us (SHL) to estimate the dissociation
cross section of the J= at nite temperature [11]. The factorization formula also provides
a manageable starting point to calculate higher twist gluonic eects [12, 13], which should
be nontrivial for the J= -hadron scattering.
We refer to a bound state of heavy quark and its own antiquark as . According to the











with  = p  q=M






is the perturbative -gluon scattering cross section and g(x) is the leading
twist gluon distribution function within the hadron. The separation scale is taken to be the
binding energy of the bound state. Hence, the bound state properties have to be taken into
account in 
g















































) with the number of color N
c
. The trivial color indices have



















































)=2. We work in the  rest frame and introduce the




= 2m+ " (" < 0). Then, in the non-relativistic limit,


































=(2m). In this limit, the BS amplitude reduces to
 
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and the corresponding BS equation becomes the non-relativistic Schrodinger equation for

















V (k) (p+ k); (7)
so that  (p) is the normalized wave function for the bound state. For the pseudo scalar






in Eq. (6), but obtain the same spatial wave function.
(Some discussions on the realistic potential can be found, for example, in Ref. [15].) It is






























is the heavy quark charge in the unit of e.
With the BS amplitude dened as Eq. (6), we now obtain the -gluon scattering ampli-







(g), where "() and "(g) are the polarization vectors of the  and the
gluon, respectively. We rst computeM

1
































where u(p) and v(p) are the Dirac spinors of the quark and antiquark, respectively, a is the
color index of the incoming gluon, and T
a







obtain the leading order non-relativistic result, we have to discuss the counting scheme in

























= jkj  O(mg
4
): (10)














































































































. There is one more diagram, where
the external gluon leg is attached to the internal quark line within the internal loop. However










) (color adjoint potential) and
hence is suppressed by 1=N
2
c
compared to Fig. 2(c) [1].



















































































of which gauge invariance can be easily veried.























































































































and the average is over the initial polarizations and the color of the gluon. Note that going
from the second line to the third line in Eq. (15), we use the non-relativistic approximation

































































with  = q k=M

. Hence, we have derived anew the result for 
g
of Ref. [2]. The scattering
cross section 
h
can then be computed using the factorization formula (1).
To apply the same procedure to the scattering of 
0






























with the binding energy " =  "
0

































which is consistent with the result of Ref. [5].






in Fig. 3. The plot has been
already given in Refs. [4, 5], but here we use the original parameters as given in Ref. [2]: "
0
=
780 MeV and m = 1:95 GeV as determined in Ref. [2] by tting the J= and  
0
(2S) masses
to a Coulombic spectrum. Also given in Fig. 3 are the results with the relativistic correction
(dot-dashed lines) that will be discussed below. For the gluon distribution function of the
proton, we use the parameterization of Ref. [2], g(x) = 0:5(+1)(1 x)

=x with  = 5 (BP)
as well as the MRST [16] and the GRV-LO gluon distributions [17]. The results show the
dependence of the cross sections on the gluon distribution function. With the distribution
functions of Refs. [2, 17], the cross sections increase with the center-of-mass energy
p
s.
But g(x) of Ref. [16] leads to the decrease of the cross sections at higher energies. This






within this approach, one nds that it has a peak at
p
s  4:2 GeV. The peak value is about
2000  5000 but it quickly converges to 4  20 at higher energies depending on the form of
g(x). In a quark-interchange model the ratio between the maxima of the cross sections was
estimated to be around 6 [9, 18].
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Let us now consider the relativistic corrections to our results. The non-relativistic count-
ing scheme (10) of this formalism implies that the formula (19) should not be used at high
gluon energy. However, calculating relativistic corrections in this formalism is intricately re-
lated to the higher g
2
corrections, which is a formidable future task. Here, we will only look
at the simple but important relativistic correction coming from the relativistic calculation of
the phase space integral in Eq. (15). The dierence after a full calculation is shown in Fig. 4
for 
g
, which shows larger suppression of the cross sections at higher energy. In order to
see the relativistic corrections in 
p
we compute the 
p
( = J= ; 
0
) with the 
g
after
the relativistic correction using the GRV-LO gluon distribution function (the dot-dashed
lines in Fig. 3). We nd that this relativistic correction does not have much eect on the
cross section 
h
. This follows since through Eq. (1) the high energy behavior of 
h
is
dominated by the low energy behavior of 
g
due to the increase of the gluon distribution
function inside the hadron at small x. This, in turn, implies that even if one calculates the
full relativistic corrections to the scattering amplitude, that would have little eects on 
h
if we have a reliable 
g
in the low energy regime.
Another important and interesting correction is the higher twist-eect, which contributes
as A="
2
in our formalism. SinceA is related to some hadronic scale of the hadron h, it should
be of the order "
2
itself, hence should be non-negligible. The research in this direction awaits
more experimental and theoretical works [12, 13].
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FIG. 2: Scattering processes of  and gluon.
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. The solid lines are obtained with g(x)
of Ref. [2] (BP), while the dashed and dotted lines are with that of Ref. [16] (MRST) and [17]
(GRV-LO), respectively. The cross sections with relativistic corrections are given by dot-dashed
lines with g(x) of Ref. [17] (GRV-LO*).
































. The solid lines are obtained in the non-
relativistic limit and the dashed lines are with the relativistic correction.
8
